A Novel Cooperative Distributed Secondary Controller for VSI and PQ Inverters of AC Microgrids by Mohammadi, F. Doost et al.
Faculty Scholarship 
2019 
A Novel Cooperative Distributed Secondary Controller for VSI and 
PQ Inverters of AC Microgrids 
F. Doost Mohammadi 
H. Keshtkar 
A. Dehghan Banadaki 
A. Feliachi 
Follow this and additional works at: https://researchrepository.wvu.edu/faculty_publications 
 Part of the Computer Sciences Commons, and the Electrical and Computer Engineering Commons 
A novel cooperative distributed secondary controller for VSI and PQ
inverters of AC microgrids
F. Doost Mohammadi a,*, H. Keshtkar a, A. Dehghan Banadaki b, A. Feliachi c
a Christopher Newport University, Newport News, VA, 23606, USA
b California Polytechnic State University, San Luis Obispo, CA, 93407, USA
c West Virginia University, Morgantown, WV, 26505, USA
A R T I C L E I N F O
Keywords:
Electrical engineering
Microgrid control
Microgrids
Cooperative control
Sensitivity analysis
Zone dedications
PQ and VSI inverters
A B S T R A C T
This paper proposes a novel cooperative secondary control strategy for microgrids which is fully distributed.
There is a two-layered coordination, which exists between inverter based DGs of both types, i.e. Voltage Source
Inverter (VSI) and Current Source Inverter (CSI), also called PQ inverter. In first layer of the proposed two-layered
cooperative control strategy, VSIs will take care of the primary average voltage regulation by implementing the
average consensus algorithm (ACA); then in the second layer of control, the PQ inverters will improve the voltage
quality of the microgrid while maintaining the average voltage of buses at the same desired level. Zone dedication
algorithm is utilized in the second layer for voltage quality purposes based on sensitivity analysis. The sensitivity
analysis is based on Simplified Jacobian matrix and the result of that is used to define the zone related to each DG
in the microgrid. The goal of this zone dedication is to assign loads to the DGs that can compensate their changes
with less effort (generating less power) than the others. There are two major contributions in this paper; 1- PQ
inverters are effectively involved to increase microgrids capacity for better power management by introducing
sensitivity to the PQ inverters set-point. This is defined based on the structure of the microgrid and takes into
account the location of load changes. 2- The proposed strategy not only focuses on transient response but also
improves the steady state response which smooths the voltage profile of the system while keeping the average
voltage at the same desired level.
The algorithm has been applied to a 13 bus system with a fully distributed communication in which each VSI
inverter only communicates with its immediate neighbors and each PQ inverter is only in touch with associated
bordering agents. The conclusive results verify that the proposed control strategy is an effective way to control the
microgrid's voltage to have a smoother and stable voltage profile. The analysis also confirms the robustness of the
proposed cooperative control in presence of possible time delays.
1. Introduction
MICROGRIDS are a smaller scale of the traditional power system, which
has been involved with ever-increasing renewable energies during the
last years. Faster response, lower power loss, lower carbon dioxide
emission and supplying critical loads are counted as the advantages of the
microgrids. Renewable energies such as PVs and Wind Turbines are
connected to the microgrid with either VSI or PQ inverters; VSI inverters
are responsible for regulating the voltage and frequency of the microgrid
while PQ inverters provide a specific amount of active and reactive
power for the microgrid. These inverters do not have much inertia,
subsequently they could bring challenges and complexities to the
microgrid's control such as voltage instability.
As mentioned, VSI inverters are mainly responsible for voltage and
frequency regulations so in order to achieve a proper control algorithm
especially in an islanded mode, primary and secondary control has been
used in the literature [1] for VSIs. In the primary control loop of VSI, the
voltage and frequency of the system will be adjusted based on the droop
control settings to maintain system's stability. In traditional power sys-
tem, proportional load sharing among synchronous machines will be
done based on their ratings without any communication link being
required. This behavior has been simulated by DGs. In fact, Droop
technique mimics the synchronous machine behavior in case of having
any load change [1, 2, 3].
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However, the primary control is not enough to bring back the system
to its nominal values. Therefore, in the secondary control loop of VSIs,
the voltage and frequency set-point will be adjusted to setback the
voltage and frequency of the system to their nominal values [4, 5]. In
literatures, the primary control is usually the same while for the sec-
ondary loop, the control methods are different consisting of centralized
[6], decentralized [7] or a distributed one [8, 9]. The distributed
Fig. 1. Control layers of the proposed control algorithm.
Fig. 2. Block diagram of VSI inverter.
Fig. 3. Current and voltage controller of VSI inverters.
Fig. 4. Current controller of PQ inverters.
Fig. 5. Understudied 13 bus microgrid with two PQs and two VSIs.
Fig. 6. Zone dedication to PQ and VSI inverters considering the bus voltage
sensitivity to the power production of inverters.
Fig. 7. Remained zones related to PQs along with their tie lines.
Table 1
Zone Calculation Considering Bus 1 as Slack.
Bus # 2 3 4 5 6 7 8 9 10 11 12
Zone 2 3 4 2 2 4 4 4 2 2 2
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controller has been used here since unlike the centralized one, it is
neither computationally expensive nor unreliable in case of one point of
failure [10]. Additionally, most papers are focused either on controlling
the VSIs [4, 5] or PQ inverters [7]. Even though there are few papers
considering both, but the PQ inverter is not dynamically involved, for
example in [1], a cooperative secondary controller has been proposed for
VSIs and PQs however the set-points for all PQ inverters are fixed values
defined by the operator assuming the same ratio for all of them. In other
words, they produce a constant power based on their ratings no matter
what is the structure of the microgrid and where the load change has
happened. The sensitivity analysis for considering the structure of the
microgrid is investigated in this paper for control purposes. In [11] and
[12], Jacobian based methods for sensitivity analysis have been proposed
for transmission system. In [13], another approach for sensitivity analysis
has been done in distribution system but the concept is based on the
conventional assumption for power systems that one source can be
assumed to be a slack bus to supply all remaining power loss of the
system. Themethod that is introduced and formulated here does not need
to evaluate the Jacobian matrix iteratively and it does not assume any
single bus as a slack one either, which is more reasonable for microgrids
that the sources are of smaller size than traditional systems.
The last part is evaluating the robustness of the control method. In
literatures, the control strategies of the inverter-based microgrids are
tested against different uncertainties related to the control signals [14,
15, 16]. In this paper, the most important parameters that affects the
robustness of the control system i.e. stability against delays in commu-
nication signals, and plug-and-play capability are discussed.
The salient features and main contributions of the proposed cooper-
ative controller are as follows:
➢ The proposed cooperative secondary control is fully distributed such
that each DG only talks to its immediate neighbors.
➢ In the proposed control, the layer related to PQ inverters effectively
involves them to increase microgrids capacity for better power
management. It is no longer a static layer but it is dynamically
cooperating with the VSI inverters to balance loads and supply. In
other words, PQ controller set-points are not manually set by an
operator or an expert who utilizes the power ratio without consid-
ering the optimal performance. By proposed controller, they are
adjusted automatically according to microgrid's condition.
➢ In this paper, sensitivity analysis is formulated in a way that it is not
dependent on the operating point of the system but it is calculated
based on the topology of the system.
➢ Zone dedication for PQ inverters is introduced based on the sensi-
tivity analysis which is defined according to the structure of the
microgrid and takes into account the location of load's change. This is
an improvement compared to other similar literatures which focus
only on the VSI inverter's control in the secondary control design or
Table 2
Zone Calculation Considering each inverter bus as slack once.
Bus # 1 2 3 4 5 6 7 8 9 10 11 12
Zones (Bus 1 is eliminated) – 2 3 4 2 2 4 4 4 2 2 2
Zones (Bus 2 is eliminated) 1 – 3 4 1 1 1 1 4 1 1 1
Zones (Bus 3 is eliminated) 1 2 – 4 2 2 1 1 4 2 2 2
Zones (Bus 4 is eliminated) 1 2 3 – 2 2 1 1 1 2 2 2
Accurate Zones 1 2 3 4 2 2 1 1 4 2 2 2
Fig. 8. Load change location in case one and two.
Fig. 9. Voltages of main 6 buses with traditional voltage control in case 1.
Fig. 10. Voltages of main 6 buses with ACA-based voltage control in case 1.
Fig. 11. Voltages of main 6 buses with ACA-based voltage control for VSIs along
with zone dedication to PQ inverters in case 1.
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consider a very static contribution from PQ inverters without any
interaction with microgrid.
➢ The proposed cooperative control between VSI and PQ inverters not
only focuses on transient response but also improves the steady state
Fig. 12. Active power produced by inverters in case 1.
Fig. 13. Reactive power produced by inverters in case 1.
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response by smoothing the voltage profile of the system while keep-
ing the average voltage at the same desired level.
➢ The proposed secondary controller is robust in presence of possible
time delays in VSI or PQ layer. It is also robust in terms of any failure
in its communication devices for any or all of the PQ inverters. In such
a case, other VSIs and those PQ inverters with working communica-
tion links will take care of the system.
The rest of this paper is organized as follows. At first, problem
statement and modeling of inverter-based microgrids are briefly dis-
cussed in section 2. In section 3, zone dedication method is discussed and
then it is followed by sensitivity analysis in section 4. In section 5, the
simulation results are shown for four different cases to verify the
effectiveness and robustness of the algorithm. Finally, section 6 con-
cludes the paper.
2. Model
2.1. Problem statement and modeling of inverter-based microgrids
2.1.1. Problem statement
In this paper, the design of a distributed cooperative secondary con-
trol algorithm for microgrids is discussed. As shown in Fig. 1, The control
scheme has two levels called primary and secondary where the latter one
itself is formed by cooperative operation of two distinct layers of control
associated to VSI and PQ inverters.
The conventional method is used as the primary control of the
microgrid which is fully decentralized without any communication
Fig. 14. Main bus voltages under different controllers-traditional (Doted), ACA-based (Solid) and zone dedicated method (Broken).
Table 3
Steady state voltage value with and without zone dedication to PQ inverters for load increase in zone 4.
V1 V2 V3 V4 V5 V6 Mean Variance
Traditional control 323.4 321.5 323.4 310.25 319.83 319.83 319.70 120.2
ACA-Based 329.44 324.56 325.85 314.81 322.87 322.87 323.40 118.179
With zone dedication 328.44 322.81 323.27 323.64 321.12 321.12 323.40 36.16
Fig. 15. Voltage profile of main buses with three different control scheme
(traditional, ACA-based and zone dedicated method) in case 1.
Fig. 16. Voltages of main 6 buses with ACA-based control in case 2.
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requirements. It works based on droop characteristics and its automatic
and decentralized operation, enables the microgrid to maintain the sta-
bility quickly and automatically without relying on communication
infrastructure. However, the remaining errors need to be regulated
where secondary control comes into play.
As mentioned earlier, the focus of this paper is on secondary control
which deals with removing the steady state errors. The first (also the
main) layer of secondary control works based on adjusting the nominal
set-point of VSI inverters using ACA. Then the second layer involving PQ
inverters is added which utilizes sensitivity analysis to improve the
performance and steady state response by smoothing the overall voltage
profile and keeping all buses voltages closer to the nominal value. These
two layers of secondary control work cooperatively and play a significant
role in improving the steady state response of the system.
The proposed control method is also flexible in case of having a new
DG being added or disconnected from the microgrid. In PQ control layer,
the PQs should communicate with their border agents to be aware of the
amount of power that is flowing in and out of the zone. So if a new PQ
inverter is plugged in to the microgrid, it should start communicating
with its associated border agent based on the assigned zone. In case of
play out, the zone associated with the PQ inverter will be handled by VSI
inverters automatically.
In VSI control layer, the VSI inverters need to communicate with a few
neighboring VSI, not all of them. The connections between neighbors are
defined by the network design problem to achieve a trade-off between
the communication cost and the agreement time delay for consensus
algorithm. However, since average consensus algorithm is being used it
makes the plug in and play out operation very easy since a new DG just
needs to get in touch with at least one of the available VSIs in the
microgrid to be aware of the agreement values.
It should be noticed that the primary control is robust and fully decen-
tralized without any communication for primary coordination of VSIs.
However, communication requirement for secondary control layers necessi-
tates the delay response analysis due to the existence of possible time delays.
2.1.2. Modeling of inverter-based microgrids
Controlling the inverters in a microgrid is the critical part of the
control methodology and having a proper modeling is the prerequisite for
the further analysis. Inverter-based DGs can work either in VSI mode or
in PQ mode which their modeling is discussed here briefly. More details
about modeling section can be found in [17] and [18].
2.1.2.1. Modeling of voltage source inverters (VSI). The block diagram of a
VSI inverter which is shown in Fig. 2, is consisted of power electronic and
controlling parts. The LC filter and the output connection for the prior
one are formulated in d-q axis in (Eqs. 1, 2 and 3) respectively.
d
dt
2
4 ild
ilq
3
5¼Rf
Lf
2
4 ild
ilq
3
5ild þ ω
2
4 ilqild
3
5þ 1
Lf
2
4 vid  vod
viq  voq
3
5 (1)
Fig. 17. Voltages of main 6 buses with consensus-based voltage control along
with zone dedication to PQ inverters in case 2.
Fig. 18. Main bus voltages under different controllers-traditional (Doted), ACA-based (Solid) and zone dedicated method (Broken).
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d
dt
2
4 vod
voq
3
5¼ω
2
4 voqvod
3
5þ 1
Cf
2
4 ild
ilq
3
5 1
Cf
2
4 iod
ioq
3
5 (2)
d
dt
2
4 iod
ioq
3
5¼Rc
Lc
2
4 iod
ioq
3
5þ ω
2
4 ioqiod
3
5þ 1
Lc
2
4 vod
voq
3
5 1
Lc
2
4 vbd
vbq
3
5 (3)
Fig. 3 is showing the modeling of the voltage and current controllers
which are formulated respectively in (Eqs. 4, 5, 6 and 7). The current
controller generates the reference voltage for the inverter and the voltage
controller generates the reference point for the current controller. These
two controllers will regulate the voltage of the inverter at its own bus to
the nominal value by using a PI integrator.
2
4 _ϕd
_ϕq
3
5¼
2
4 v*od
v*oq
3
5
2
4 vod
voq
3
5 (4)
2
4 i* ld
i* lq
3
5¼F
2
4 iod
ioq
3
5þ ωnCf
2
4voq
vod
3
5þ Kpv
2
4 v*od  vod
v*oq  voq
3
5þ Kiv
2
4ϕd
ϕq
3
5 (5)
2
4 _μd
_μq
3
5¼
2
4 i* ld
i* lq
3
5
2
4 ild
ilq
3
5 (6)
Fig. 19. Active power produced by inverters in case 2.
Fig. 20. Reactive power produced by inverters in case 2.
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2
4 v* id
v* iq
3
5¼ωnLf
2
4ilq
ild
3
5þ Kpc
2
4 i* ld  ild
i* lq  ilq
3
5þ Kic
2
4 μd
μq
3
5 (7)
Power controller in inverter based DGs has been adapted from the
synchronous machines in which the increased demand is automatically
shared among the machines based on their ratings by an automatic
reduction in the rotor speed until the extra power is compensated from
the mechanic's parts [2]. In DGs, this can be implemented by changing
each VSI's frequency (i.e. phase angle) and voltage with respect to its
active and reactive power ratings in (Eq. 8) and (Eq. 9) respectively [2].
ω¼ωn  mP (8)
v*o ¼Vn  nQ (9)
These two signals will be given to the inverters to balance the power
between the demand and supply in a parallel way without using any
communication. However, it is still possible that the voltage or frequency
of the system deviates from their optimal set points which will be fixed by
using the secondary controller in which ωnand Vn are adjusted to bring
the voltage and frequency back to their nominal values.
2.1.2.2. Modeling of current source inverters (PQ). PQs are responsible for
regulating the active and reactive power of the microgrid. However, the
way that they participate in improving the system has been considered
passively. In other words, their participation in producing power is
usually set to be a fixed proportionate of their power ratings, for example
20% of their capacity. However, in this paper, the participation of these
inverters are actively considered based on the zone that is dedicated to
them.
In Fig. 4, the control block for PQ inverter is shown. PQ controller
tries to produce the desired amount of power that has been set as its
input. In this controller, the term α shown in Fig. 4, will be calculated
such that the quadrature term of the output voltage reaches zero (i.e.
voq¼0). Hence, P and Q of the system will be directly related to the d-q
currents in (Eqs. 10 and 11) respectively. This is why PQ controllers are
called current controllers too.
P¼ vodild þ voqilq → As voq ¼ 0 → P ¼ vodild (10)
Q¼ voqild  vodilq → As voq ¼ 0 → Q ¼ vodilq (11)
There is a PI controller inside the current controller block, which
regulates the PQ's (i.e. current) references (Eqs. 12 and 13).
2
4 _γd
_γq
3
5¼
2
4 i* ld
i* lq
3
5
2
4 ild
ilq
3
5 (12)
2
4 v* id
v* iq
3
5¼
2
4 vod
voq
3
5þ ωnLf
2
4ilq
ild
3
5þ Kpc
2
4 i* ld  ild
i* lq  ilq
3
5þ Kic
2
4 γd
γq
3
5 (13)
Finally, the equations for the RL filter of the inverters are formulated
in (Eq. 14).
d
dt
2
4 ild
ilq
3
5¼Rf
Lf
2
4 ild
ilq
3
5þ ωcom
2
4 ilqild
3
5þ 1
Lf
2
4 vid  vod
viq  voq
3
5 (14)
3. Methods
3.1. Zone dedication to PQ inverters
The consensus-based [19] control that has been introduced in [1],
involves VSI inverters but there is no contribution from PQ inverters. In
fact, they provided a constant amount of active and reactive power no
Fig. 21. Load change's location in case three.
Fig. 22. Voltages of main 6 buses with traditional control in case 3.
Fig. 23. Voltages of main 6 buses with ACA-based control in case 3.
Fig. 24. Voltages of main 6 buses with ACA-based voltage control along with
zone dedication to PQ inverters in case 3.
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matter what was happening in the microgrid. However, in this paper, PQ
inverters are also involved in improving the voltage profile by dedicating
appropriate zones to them. Different zones are defined in a way that each
zone includes one of the inverters. After dedicating a zone to an inverter
(whether it is PQ or VSI), it is desirable that each inverter takes the re-
sponsibility of load changes inside its own zone.
Fig. 5 shows the understudied 13 bus microgrid consisting of four
inverters; two of them are VSI inverters and the other two are PQs. The
zone definition is based on the sensitivity of each bus voltage to the
power produced by each individual inverter when a load increase equal
to one unit occurs at that bus. That means if there is one unit of load
change at a particular bus, the bus will face a voltage drop. This voltage
Fig. 25. Main bus voltages under different controllers-traditional (Doted), ACA-based (Solid) and zone dedicated method (Broken).
Fig. 26. Active power produced by inverters in case 3.
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drop can be compensated by specific amount of power from each DG
once at a time. The DG that is capable of bringing the voltage back to its
nominal value with generating less power will include that bus in its own
zone. In this case, the voltage drop can be compensated with less effort or
in other words with generating less power. As discussed, there are 4 in-
verters attached to the microgrid so there will be 4 zones inside the
microgrid (since each bus is more sensitive to one of the inverters, the
number of zones would be equal to the number of inverters).
Fig. 6 shows how these zones should include different buses of the
system to improve the microgrid's voltage quality. The problem formu-
lation related to sensitivity analysis of zone dedication is discussed in the
next section. When a zone includes a specific bus, it means that it will be
better to support the added load to that bus by its corresponding inverter
in order to get smoother voltage profile.
The zone dedication approach will help improving the voltage profile
by reducing the variance of nodes voltages from the desired average
value. In fact, by implementing ACA on VSIs, the average voltage of
nodes will be maintained at the desired average value. However, the
variance of bus voltages from the average value may not be acceptable in
some situations and it is possible that some nodes voltages deteriorate the
minimum and maximum thresholds of the voltage profile.
The implemented droop-based primary and consensus-based average
voltage control in secondary of VSI invertersmake them responsible for all
the load changes in the system no matter where it is located. They all
participate to supply the demanded active and reactive power and keep
the average voltage at the desired level. This control is necessary and
inevitable because it helps to avoid voltage and frequency instability. In
other words, each islanded microgrid needs to have at least one inverter
Fig. 27. Reactive power produced by inverters in case 3.
Table 4
Steady state voltage value with and without zone dedication to PQ inverters for load increase in zone 2.
V1 V2 V3 V4 V5 V6 Mean Variance
Traditional control 323.4 320.42 323.4 321.75 318.7 306.91 319.09 194.5
ACA-Based 333.17 323.19 324.45 328.37 321.52 309.71 323.40 312.29
With zone dedication 330.23 324.47 324.86 327.14 322.78 310.94 323.40 219.54
Fig. 28. Voltage profile of main buses with three different control scheme (traditional, ACA-based and zone dedicated method) in case 3.
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working at VSI mode and working in this mode means that they do not
decide howmuchpower they are producing; instead, they have to produce
power until the voltage and frequency reach the predefined states. So, in
order to implement the aforementioned zoning scheme, only PQ inverters
have to take actions when they see a demand in their zone. It should be
noted that each PQ will understand the power demand inside its territory
by measuring the power flow of tie lines which connect it to other zones.
Basedon the abovediscussion, it is clear thatVSI inverters donotneed to
measure their tie lines flow and if only PQ inverters do their job regarding
the supply of the demanded load in their own areas, VSI inverters will
automatically supply the rest of microgrid. This fact is shown in Fig. 7 by
removing the VSIs zone definition from the picture. It can be also seen that
zone 4 has only one tie line to consider while zone 2 has 2 tie lines.
4. Analysis
4.1. Sensitivity analysis for zone definitions
In this section, bus voltage sensitivity is analyzed in microgrid to
achieve better voltage regulation in case of any changes in the load de-
mand. One of the most common methods in the literature such as [13] is
Jacobian-Based method. In this method, first the load flow is solved and
the values of P and Q are obtained. Then the inverse of Jacobian matrix at
that operating point is used to find the sensitivity of the system. The
procedure is described in (Eqs. 15 and 16).
2
4Δδ
ΔV
3
5 ¼
2
6664

Sδp
 
Sδq

Svp
 
Svq

3
7775:
2
4 ΔP
ΔQ
3
5 (15)
ΔV ¼ SvpΔPþ SvqΔQ (16)
Since Svp is mostly smaller than Svq, the first term can be ignored to
use the simpler format which is
ΔV ¼ SvqΔQ (17)
In other words, we could find the effect of changingΔQ onΔV from the
matrix of Svq. However, thismethod is not alwaysworking verywell since it
is dependent on the load flow calculations and operating points as well. In
fact, if the Jacobian matrix is ill-conditioned which is the case in most dis-
tribution systems, then, it is hard tofind the solution of powerflowbyusing
Newton-Raphson method. That's why here an improvedmethod of finding
the sensitivity analysis in the distribution system is introduced and used.
4.1.1. Improved method based on fast decoupled load flow
Fast Decoupled Load Flow (FDLF) is chosen for sensitivity analysis in
this paper. FDLF analysis utilizes the assumption of having inductive grid
in order to makes the analysis simple. However, considering the fact that
the exact sensitivity values are not going to be used in this study, but it
will be used just as an indicator or tool to assign a zone to each bus
(determine if the bus is or is not part of a zone), makes it possible to
expand the result to microgrids and not deteriorating the result. That's
why the FDLF-based sensitivity analysis which provides an estimation of
the sensitivity will work here.
Fig. 29. Delay in VSI layer.
Fig. 30. Delay in PQ layer.
Fig. 31. Delay in both layers.
Fig. 32. Voltages of bus 4 in different control scheme: conventional and ACA-
based voltage control for VSIs with and without zone dedication.
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Finding sensitivities based on this method is very quick and also it is
not dependent on the operating point. These are two important reasons
for using this method. In this method, the Jacobian matrix is only derived
once and it is not needed to be calculated for each iteration. We can find
the Jacobian Matrix in Fast Decoupled Load Flow as follows:2
666666666666666666666666666666666666666666666666664
2
6666666666666664
∂fpk
∂δk
¼
XN
i¼1
i 6¼k
VkBki
∂fpk
∂δi
¼VkBkði 6¼kÞ
3
7777777777777775
2
66666664
∂fpk
∂Vk
¼0
∂fpk
∂Vi
¼0ði 6¼kÞ
3
77777775
2
66666664
∂fpk
∂Vk
¼0
∂fpk
∂δi
¼0ði 6¼kÞ
3
77777775
2
666666666666666666666664
∂fQk
∂Vk
¼2VkBkk
XN
i¼1
i 6¼k
ViBkiVk
0
BBBBBBBBBBBBB@
2Bkk
XN
i¼1
i6¼k
Bki
1
CCCCCCCCCCCCCA
∂fQK
∂Vi
¼ViBkiVkBkiði 6¼kÞ
3
777777777777777777777775
3
777777777777777777777777777777777777777777777777775
(18)
As it can be seen, the off-diagonal elements of the Jacobian matrix are
zerosbasedon theFDLFassumptions.Thediagonal elements canbe rewritten
so that two new parameters called B0and B00are defined in (Eqs. 19 and 20).
Then, the simpler format for Jacobian matrix will be obtained in (Eq. 21).
B
0
kk ¼
XN
i¼1; i6¼k
Bki;B
0
ki ¼ Bkiði 6¼ kÞ (19)
B00 ¼  2Bkk 
XN
i¼1;i6¼k
Bki; B00ki ¼ Bkiði 6¼ kÞ (20)2
666666666666666666666666666666666666666666666666664
2
6666666666666664
∂fpk
∂δk
¼
XN
i¼1
i 6¼k
VkBki¼Vk
XN
i¼1
i6¼k
Bki¼VkB0 kk
∂fpk
∂δi
¼VkBki¼VkB0 kiði 6¼kÞ
3
7777777777777775
½0
½0
2
666666666666666666666664
∂fQK
∂Vk
¼Vk
0
BBBBBBBBBBBBB@
2Bkk
XN
i¼1
i 6¼k
Bki
1
CCCCCCCCCCCCCA
¼VkB00ki
∂fQk
∂Vi
¼VkBki¼VkB00kiði 6¼kÞ
3
777777777777777777777775
3
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(21)
Now, by defining V as in (Eq. 22), ∂fQk∂Vi ¼ VkB''kican be rewritten in a
matrix format as shown in (Eq. 23).
½V  ¼
2
66664
V1 0 0 0
0 V2 0 0
0 0 ::: 0
0 0 0 Vn
3
77775 (22)

∂fQ
∂V

¼ ½V :B00 (23)
Zones sensitivities are defined as percentage increase in the voltage of
a bus when approximately 1 extra unit of reactive power is injected to the
microgrid by an inverter with respect to inverters bus voltage. This
definition is shown in (Eq. 24).
According to the definition of zone sensitivity and by rearranging (Eq.
23), it can be seen in (Eq. 25) thatB00matrix elements are describing the
inverse of zone sensitivities. So zone sensitivities can be described by the
inverse of B00matrix as in (Eq. 26).
Zone sensitivity ¼ ∂Vi∂fQk
Vk
(24)
B00 ¼V1:

∂fQk
∂Vi

¼
2
664
∂fQk
Vk
∂Vi
3
775 (25)
Zone sensitivity¼ ∂Vi∂fQk
Vk
¼ B001 (26)
Here, the procedure is explained in details. In transmission system's
load flow and sensitivity analysis, one of the generator buses is treated as
slack bus to carry the entire loss of the system which is kept out of
calculation during iterations. In microgrids, we do not have a real slack
bus due to the characteristics of the microgrid. However, in the proposed
approach, the zone definition analysis considers a virtual slack bus. The
analysis needs to be repeated several times (for 4 DG it needs to be
repeated 4 times) and each time one of the DGs buses will be chosen to be
the slack, then with respect to this assumption the zones will be defined.
In Table 1, the result of zone definition analysis is shown when bus 1
(connected to DG1) is considered to be the slack. So other buses are
assigned to the zones of DG2, DG3, and DG4 since the row and column of
the DG1 is eliminated. Consequently, just by looking at this table the
decision about the accurate zones of buses cannot be made because the
buses which should be in the zone of DG1 are now assigned to other three
zones. That's why you cannot see zone one in Table 1 which consider DG1
to be the slack. In other words, when a virtual slack bus is considered,
instead of 4 zones only 3 zones are formed and therefore we require this
analysis to be repeated for each DG as slack one separately.
As mentioned earlier, we need to repeat this process by assuming
another inverter bus to be the slack bus. So, for example by assuming bus
2 as the new slack bus, we can find out which buses are sensitive to bus 1,
3, and 4; but again the buses that are sensitive to bus 2 are not specified
this time.
In other words, the result of sensitivity for each iteration does not
reflect the effect of the eliminated bus in the defined zones. Therefore, to
solve this problem, we need to repeat this process until all of the inverter
buses are once assigned to be the slack bus. Then, by looking at each bus
individually the most repeated zone in different cases can be determined
and recognized as the accurate zone. For example, for bus 5, zone 2 is
repeated the most which shows that it is more sensitive to DG 2. The total
result is shown in the last row of Table 2.
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5. Results & discussion
The islanded 13 bus microgrid is used for verifying the effectiveness
of zone dedication in reducing the variance of nodes voltages from the
desired average value. Fig. 8 shows the single line diagram of the
microgrid test system along with the dedicated zones to PQ inverters. The
nominal frequency and voltage are 50 Hz and 380 V, respectively. The
loads are modeled as typical RL loads through cases 1–4 and in the last
case they are replaced with voltage dependent loads to verify the effec-
tiveness of the control scheme for different type of loads. RL branches are
also used for the lines between buses. Bus 13 in Fig. 8 shows the point of
common coupling. Simulation results are presented in four different
scenarios. In the first two cases, the load change occurs in zone 4; it is a
demand increase for case one and then a demand decrease for case two.
In case three, the demand change will happen in zone 2. In all cases, the
average voltage of main buses (PQ buses, VSI buses and critical load
buses including bus 5 and 6) are regulated to the predetermined peak
value of 456 Volt or rms value of 323.4 Volt by using ACA at VSI layer. It
is assumed that a 2% mismatch from the average is acceptable.
The result can demonstrate that only by using ACA control for VSI
layer, the average voltage can be regulated effectively; however, the
minimum and maximum requirement might not be met just by involving
the VSIs.
Finally, case 4 performs delay response analysis due to the existence
of possible time delays in communication links of VSI or PQ layer.
5.1. Case one
In first scenario, the islanded microgrid faces a demand increase in
bus 4 located in zone 4. The line between bus 8 and 9 is the only tie line of
this zone and its power flow should be considered. The DG attached to
bus 4 communicates with the agent located at the mentioned tie line to
sense the power flow and change the PQ inverter's set-point based on
that. In this scenario, the active and reactive load increases are equal to
4.5 k watt and 5 kvar respectively and it happens at t ¼ 1.5 second. The
results in absence and presence of zones are presented here.
Fig. 9 shows the six main bus voltages when the traditional voltage
control is applied. In traditional secondary voltage control, only the
voltages of VSI buses are controlled and fixed at a specific set-point—for
example, 323.4 rms.
In Fig. 10, the consensus-based average voltage control is imple-
mented through VSI inverters. In this situation, PQ inverters are not
involved yet. It can be seen from the result that the voltage at bus 4 ex-
periences a drop due to the load change even though the average voltage
regulator is doing its job correctly. Later, by dedicating zones to PQs, they
will contribute in voltage control and the result of this involvement is
shown in Fig. 11. PQ inverters collect information from tie line agents
and make sure that the load demand in their own area is fed through
themselves, not any other inverter.
This fact can be seen in Figs. 12 and 13, which show the active and
reactive power produced by the 4 available inverters in the microgrid.
Before implementing the zone definition method, both PQ inverters are
providing constant power and the other two VSI inverters are taking care
of the load demand; however, after giving the responsibility to the PQ
inverter attached to bus 4, it is going to be the only inverter changing its
output due to demand's increase. Fig. 14 compares the voltages one-by-
one to demonstrate the effect of all three controllers on bus voltages.
Table 3 shows the steady state voltages of all six buses using three
different control schemes including traditional secondary controller and
consensus-based controller with and without zone dedication. The mean
value and variance are calculated for all circumstances. It can be seen that
the variance of voltages is significantly reduced through the contribution
of PQs in supplying the load demand comparing to ACA-based control
alone. Voltage profile is shown in Fig. 15 which demonstrates the
mentioned table on a graph.
5.2. Case two
Second case is similar to the first case. The only difference is that the
load increase is changed to load decrease. The purpose of this scenario is
examining the applicability of zone dedication when the load demand is
decreased by the same value as case one. In this scenario, the active and
reactive load decrease is equal to 4.5 kwatt and 5 kvar respectively and it
happens at t ¼ 2.5 sec. The results are presented in absence and presence
of zones respectively in Figs. 16 and 17.
Fig. 18 compares the voltages one-by-one. Then, the active and
reactive power produced by inverters in the microgrid before and after
implementing the zone definition method are shown in Fig. 19 and
Fig. 20.
5.3. Case three
The third case is about a load change in zone 2. The difference in this
case is related to the distance between the location of the demanded load
and the responsible PQ inverter of the zone. In previous cases, the load
was attached to the same bus as the PQ inverter; consequently, it had
high sensitivity to that specific inverter. However, if there is a long dis-
tance between the demanded load and the PQ inverter, the zone dedi-
cation might not be as effective as previous cases but it would still be
better than the traditional or the consensus-based algorithm. The reason
is obvious; the bus voltage with the load change still has the highest
sensitivity to the corresponding PQ inverter even though it is not too
much. Fig. 21 shows the system and load change scenario inside. This
load is added to bus 11 at t¼ 1.5 sec and then it is disconnected at t¼ 2.5
sec. The results for all three control scheme—namely traditional control,
ACA-based control and ACA-based control with zone dedication to PQ
inverters—are presented here in Figs. 22, 23, and 24 respectively.
Fig. 25 compares the voltages one-by-one to demonstrate the effect of
these controllers on voltages. Figs. 26 and 27 show the active and reac-
tive power produced by the inverters in the microgrid before and after
implementing zone definition.
Table 4 shows the steady state voltages at all six buses using three
different control schemes including a traditional and ACA-based
controller with and without zone dedication. The mean value and vari-
ance are calculated for all circumstances. By comparing the consensus-
based voltage control with and without zone dedication, it can be
observed that the variance of voltages is reduced slightly and not as
significant as first case, but, it still improves the variance, which means it
can increase the lowest voltage of microgrid.
Fig. 28 shows the mentioned table on a graph.
5.4. Case four
In this part, the effect of communication delays on simulation results
is investigated. Time delay is one of the key uncertainties for online
control of systems. Usually, the time delay consists of communication and
calculation delays. Here, the negligible calculation time delay in MAT-
LAB can be ignored and Communication time delay can occur in any part
of the secondary layer, i.e. VSI or PQ, or both which are analyzed sepa-
rately in the following three parts.
5.4.1. .Delay in VSI layer (Fixed time delays)
Time delay occurs when VSI inverters communicate to reach to an
agreement in ACA which is assumed to be a fixed delay here. Fig. 29
shows one of the bus voltages of the system in different scenarios formed
to analyze the effect of fixed time delays on the average voltage regula-
tion. A practical delay of approximately 20 milliseconds is considered in
this paper and the result shows that the delay does not affect the stability
of the system. However, it clearly causes more oscillations, and finally,
there would be a threshold after which it will make the controller un-
stable. So in order to implement this cooperative control, the time-delay
constraint needs to be considered and applied.
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5.4.2. Delay in PQ layer
Fig. 30 shows the effect of a fixed time delay in PQ layer on the
voltage regulation. Again, the results show that the delay of approxi-
mately 20 milliseconds does not affect the stability of the system, how-
ever the delay in this layer causes slower transient response and a higher
overshoot value.
5.4.3. Delay in both VSI and PQ layers
Based on Fig. 31, having delay of 20 milliseconds in both layers of
secondary control degrades the transient response of the system signifi-
cantly, however it does not affect the stability of the system. The result
shows that the proposed control is robust against time delays.
5.5. Case five
In this scenario, the effect of changing load type on the proposed
method is investigated. The RL loadmodel in cased one is replaced with a
voltage dependent load and the result is shown in Fig. 32.
By comparing Fig. 11 and Fig. 32 it can be observed that the proposed
method works effectively regardless of the load type in the microgrid.
6. Conclusion
In this paper, a cooperative secondary voltage control has been pro-
posed in which both VSI and PQ inverters will work together to alleviate
the effects of any load change in the system. This cooperative method is
based on the zone dedication which is calculated based on the sensitivity
analysis to assign each specific bus to a DG in the system.
One of the main contributions of the paper is to improve the steady
state response of the system (voltage profile) along with the transient
response. Themain goal of the paper is steady state response improvement
however the strength of the proposed method is that it can improve the
transient response aswell, and it also has a goodmargin of stability in case
of possible delays in communication signals. The above method has been
applied to a microgrid with 13 buses and 4 DGs. The simulation results
show the effectiveness of the algorithm in case of different load types and
load changes in the system and confirm its robustness in presence of
possible time delays in communication signals. A future work can be done
by determining tolerable threshold for the delay in communication link in
each layer and then analyzing the incoming signals through communi-
cation network and enabling a fully decentralized secondary control in
case of detection of any delays more than the tolerable threshold for the
system to avoid poor performance of the system due to large delays.
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